β2-Microglobulin (β2m) is known to be a major factor for dialysis-related amyloidosis. We have studied β2m removal through an aggregation process, which was initiated by a ligand that could catch the β2m monomer and promote its aggregation into fibril. As a ligand, we have prepared β2m fibril fragments and used them as a seed. The seed was coupled to PEGylated-PS beads to remove the monomeric β2m from solution. The β2m seed-conjugated resin effectively adsorbed the β2m monomers with a capacity of 3.6 mg/ml via promoting their aggregation into fibrils on the resin at pH 7.4.
Dialysis-related amyloidosis (DRA) is common in patients with end-stage kidney disease [11, 14, 15, 33] . β2-Microglobulin (β2m) is the major protein constituent of this amyloid [14] . The concentration of β2m in patients undergoing hemodialysis for more than 5 years is 30-50 times higher than that of a normal individual. β2m noncovalently binds to the light chain of the major histocompatibility complex class I (MHC-I), is released to the serum and is then carried to the kidney [4, 6] . Renal failure disrupts the process of catabolic β2m degradation in the kidney, which results in increased levels of β2m in the patients. Hemodialysis is not sufficient to get rid of the β2m. Elimination of β2m from blood serum, therefore, has gained much attention [12, 20] .
Removal of β2m using a conventional adsorption column based on hydrophobic adsorption with additional sizeexclusion property is insufficient in terms of its specificity and affinity toward β2m. [1, 10, 13, 31, 32] Antibodies could be employed for the removal, but this method is not costeffective and their storage stability might be also problematic [2, 16, 23, 28] .
Native β2m contains 99 amino acid residues and has a β-sandwich structure stabilized by a single disulfide bond [17, 30] . Incubation of β2m under acidic conditions results in the formation of amyloid fibrils. Under physiologically relevant, neutral pH, however, β2m is hardly converted into amyloid fibrils [26, 35, 36] . A few regulators that accelerate fibrillation at neutral pH have been examined, including the β2m amyloid seeds [26, 35, 36] .
Fibril growth of β2m at neutral pH was shown to be directed by the self-seeding effect [8, 18] . In the present study, we focused on localization of the seeds on the polymer beads (resin) and removal of β2m from solution by inducing fibrillization on the resin surface.
MATERIALS AND METHODS
Materials N-Hydroxysuccinimide (NHS, 97%), 4-dimethylaminopyridine (DMAP), and succinic anhydride (SA, 99%) were supplied from Fluka. Acetic anhydride, N,N'-diisopropyl carbodiimide (DIC), diisopropylethylamine (DIEA), and polyoxyethylene-20-sorbitan monolaurate (Tween 20) were purchased from Aldrich. N-Methylpyrrolidone (NMP) and dimethyl formamide (DMF) were purchased from Junsei Chemical Co. 9-Fluorenylmethyl carbamate (Fmoc)-methionine and aminomethyl polystyrene (AM PS) resin were supplied from BeadTech, Korea. The fluorescein isothiocyanate (FITC) Protein Labeling Kit was obtained from Molecular Probes, Inc. The diethylaminoethyl (DEAE) Sepharose FF column was bought from GE Healthcare, U.S.A. Filter membranes were purchased from Millex.
Purification of β2m and Preparation of β2m Seeds
The DNA sequence encoding human β2m was amplified from pCMV-SPORT6 (21C Frontier Human Gene Bank, KUGI, Korea) and inserted into the NdeI/HindIII sites of pRSET A vector (Invitrogen) [9] . Wild-type β2m was overexpressed in E. coli BL21 (DE3). E. coli containing the β2m expression plasmid was incubated in Luria-Bertani (LB) medium with 0.1 mg/ml ampicillin at 37 refolded through dialysis against 20 mM Tris-Cl, pH 8.0 [29] . β2m was purified using a DEAE-Sepharose FF column (0-500 mM NaCl concentration gradient) and size-exclusion chromatography (Hiprep 26/60 Sephacryl S-100). This β2m solution was dialyzed against deionized water and lyophilized to β2m powder.
β2m (1 mg/ml in 0.15 M NaCl, 50 mM sodium citrate buffer, pH 2.5) was incubated at 37 o C for 3 days [21, 24] . Aggregation kinetics was monitored with thioflavin-T binding fluorescence and the mature fibrils were confirmed with a transmission electron microscope (TEM). The seeds were obtained by fragmentation of amyloid fibrils using 15 cycles of sonications with 80 sec for a cycle (20 sec, on; 60 sec, off) [25, 34] . Then, the fibrillar fragments were filtered through a 0.22-µm pore-sized membrane filter.
FITC Labeling to β2m
Monomer β2m monomer solution (200 µl, 1.7 mg/ml in 20 mM PBS, pH 7.4) and 1 M sodium bicarbonate (20 µl) were combined in a reaction tube with a stirring bar. While stirring the protein solution in a tube, FITC stock solution (6.6 µl, 10 mg/ml in DMSO) was added. The reaction mixture was stirred for 1 h at room temperature. After the reaction mixture was loaded onto the gel bed of the spin column (30,000 MW size exclusion resin in PBS with 2 mM sodium azide), it was then centrifuged for 3 min at 5,000 rpm to collect the labeled protein. α-Synuclein monomer was labeled with FITC using the same method.
Preparation of β2m Seed-Conjugated Resin and Control Resin
HiCore resin (core-shell type PEGylated-PS bead) was prepared from AM PS bead using a previously developed method [19] . The loading amount of the amino group was analyzed quantitatively by Fmoc-titration [7, 22] and sulfur elementary analysis after FmocMet coupling.
HiCore resin (1 g, 0.35 mmol NH 2 /g) was mixed with SA (3 eq. 105 mg) and DIEA (6 eq. 366 µl) in NMP (10 ml) (Fig. 1) . The resin mixture was agitated in a 15-ml polypropylene syringe reaction vessel with a frit and a polytetrafluoroethylene (PTFE) valve (Libra tube) for 24 h at 25 o C. The product, carboxy functionalized resin, was filtered and washed with NMP, MeOH, and DCM. The conversion of the amine group to the carboxylic group was confirmed by negative color change of Kaiser's ninhydrin test [17] .
NHS solution (121 mg in 3 ml of DMF) was added to the carboxy functionalized resin in a Libra tube and cooled to 0 o C using an ice bath. DIC solution (134 µl in 4 ml of DCM) and DMAP solution (1.3 mg in 1 ml of DMF) were added to the resin mixture while keeping the temperature to 0 o C. After 5 min, the resin mixture was shaken for 18 h at 25 o C, filtered, and washed with DMF and DCM.
The pH of the β2m seed solution was adjusted to above pH 9 with Na 2 CO 3 . NHS-activated resin (100 mg) was reacted with the β2m amyloid fibrillar fragments seeds (1 ml, 0.5 mg/ml in pH 9.5 Tris buffer) in the 5-ml Libra tube for 3 h at 25 o C. The seed-conjugated resin was filtered and washed with PBS (pH 7.4). Since the weight change of the resin was negligible upon seed immobilization, quantification of the seeds on the resin was difficult to monitor. Instead, we checked for coupling of the seeds to the beads with a scanning electron microscope (SEM) and fluorescence microscope.
As a control, the amino group of HiCore resin (100 mg, 0.35 mmol/g) was acetylated with acetic anhydride (3 eq. 10 µl) and DIEA (6 eq. 37 µl) in NMP (3 ml For obtaining quantitative data, 10 mg of β2m seed-conjugated resin was incubated with native β2m solution (1 ml, 0.39 mg/ml) for 24 h at 37 o C. For quantitative analysis, the decrease in concentration of β2m was monitored with UV-Vis absorbance at 595 nm using the Bradford assay [5] . The β2m concentrations were measured before and after incubation of the monomeric protein with the seed-conjugated resins.
RESULTS
Purification of β2m and Preparation of β2m Seed β2m was purified according to a previously reported procedure [25, 26] . The purity of β2m was greater than 95% according to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass analysis. For β2m fibril formation, β2m monomers were incubated at pH 2.5 with sodium citrate buffer. Thioflavin-T binding fluorescence reached a maximum after 20 h of incubation. The incubation time was extended for 3 days to obtain mature fibrils. The images of mature fibrils showed straight needle-like morphology, which was confirmed by TEM. The mature fibrils were chopped down to shorter fibrillar fragments by sonication. In order to obtain more homogenized fibrillar fragments, the resulting fibrillar products were filtered through a 0.22-µm pore-sized membrane. The filtered fibrillar fragments exhibited regular lengths (30-50 nm) and diameters (5-10 nm), which were confirmed by TEM (Fig. 2) .
FITC Labeling of β2m Monomer
After the FITC labeling reaction was completed, FITClabeled β2m was separated from the light green-colored FITC solution using a spin column with centrifugation. The labeled product revealed that one or two FITC molecules were coupled to β2m monomer, which was confirmed by MALDI-TOF. The small peak of 11.8 kDa corresponds to unlabeled β2m monomer, the main peak of 12.2 kDa to one FITC-labeled β2m monomer, and the 12.6 kDa to two FITC-labeled β2m monomers.
Preparation of β2m Seed-Conjugated Resin
For β2m seed coupling, we prepared HiCore resin (0.35 mmol NH 2 /g), and converted the amino group to carboxyl group quantitatively by reacting with SA. Then, the carboxylated resin was activated using NHS for coupling with amino groups of the β2m fibrillar fragments as seeds. To confirm the coupling of β2m amyloid seeds to the resin, SEM analysis was performed (Fig. 3) . Compared with the image of the bare resin, we could detect small, branch-like spots attached on the smooth surface of the resin. In order to reconfirm the results of β2m seed coupling, the same resin was monitored by fluorescence microscopy after JC-1 treatment. JC-1 is a fluorescent dye that interacts with the fibrillation-state protein structure [37] .
β2m Adsorption to the β2m Seed-Coupled Polymer Bead After incubation with FITC-β2m solution for 1 or 3 days, the acetylated resin and the seed-conjugated resin were analyzed by confocal laser scanning microscopy. Bare HiCore resin showed a slight fluorescence background, which was used to adjust a base level for the confocal laser fluorescence detection. Acetylated resin, used as a control, exerted no positive charge, while possessing PEG chains on the surface of the resin to interrupt protein adhesion. The control and seed-conjugated resins were treated with BSA to prevent nonspecific binding.
Seed-conjugated polymer beads showed obvious fluorescence signals after incubation with FITC-β2m solution at neutral pH for 1 day (Fig. 4) . When the duration of incubation was increased to 3 days, the fluorescent signal became stronger compared with the 1-day incubation period. On the other hand, the control resin only gave very weak fluorescent signals even after 3 days of incubation with FITC-β2m solution at neutral pH. We thus proved that the seed on the resin was very effective in adsorbing β2m from its monomeric solution.
For quantitative assay purposes, the seed-conjugated resins and the acetylated resins were reacted in β2m monomer solution at neutral pH. The initial concentration of β2m was 0.39 mg/ml, which was reduced to 0.30 mg/ml after treating the β2m solution (1 ml) with the seedcoupled polymer bead (10 mg, 0.025 ml) for one day, which corresponds to 9 mg/g polymer bead (Fig. 5) . On the other hand, the decreased concentration of β2m in the control experiment was 0.03 mg/ml. The adsorption capacity of β2m per resin volume was about 3.6 mg/ml (mg β2m/l settled resin). This is comparable to the previously reported results showing that the β2m adsorption site density was 2-4 mg/ml when using immunoadsorbent chromatography [2, 16, 23, 28 ] and 1 mg/ml when using a hydrophobic adsorbent column [1] , even though their systems are different from ours.
We observed the surface morphology change of the seedcoupled resin after β2m adsorption for 24 h with SEM, and confirmed that fibril-like shapes of β2m aggregates had grown on the surface of the resin (Fig. 4) .
DISCUSSION
In the present study, we demonstrated that β2m seeds that were coupled on a resin successfully captured β2m. The seeds on the resin removed β2m under neutral pH. The untreated resin revealed nonspecific adhesion of β2m. β2m fibril fractions were used as seeds to allow for binding of the β2m monomer to the resin and thereby initiate fibrillation on the resin. Removing β2m through the use of such a specific ligand is a more effective method than the one based on simple hydrophobic interactions. β2m fibril fractions can be easily obtained and have great ability as seeds to continuously promote β2m amyloid formation on the polymer bead surface.
For the purpose of designing a more advanced system, we are currently searching other types of resins to use as a solid support. We are also involved in investigations into the detailed mechanisms and fundamental theories of β2m fibril formation under neutral conditions. Acetylated resin after FITC-β2m (0.6 mg/ml) incubation for 3 days; C. Seed-conjugated resin after FITC-β2m (0.6 mg/ml) incubation for 1 day; D. Seed-conjugated resin after FITC-β2m (0.6 mg/ml) incubation for 3 days; E. Seed-conjugated resin after FITC-α-synuclein (0.6 mg/ml) incubation for 1 day. 
